The O 2 and NO reactivity of a Cr(II) complex bearing a 12-membered tetraazamacrocyclic Ntetramethylated cyclam (TMC) ligand, [Cr II
II
(12-TMC)- (Cl) ] + (1) , and the NO reactivity of its peroxo derivative, [Cr IV (12-TMC)(O 2 ) (Cl) ] + (2), are described. By contrast to the previously reported Cr(III)−superoxo complex, [Cr III (14-TMC)(O 2 ) (Cl) ] + , the Cr(IV)−peroxo complex 2 is formed in the reaction of 1 and O 2 . Full spectroscopic and X-ray analysis revealed that 2 possesses side-on η 2 -peroxo ligation. The quantitative reaction of 2 with NO affords a reduction in Cr oxidation state, producing a Cr(III)−nitrato complex, M ononuclear metal−dioxygen (M−O 2 ) species, such as metal−peroxo and −superoxo complexes, are critical components of processes leading to practical substrate oxidative transformations. 1 They have also been invoked as key intermediates in enzymatic reactions incorporating oxygen atoms into newly biosynthesized molecules as well as in the deleterious reactions of biological oxidative stress and enzymatic detoxification reactions of reactive oxygen species.
2
In biomimetic studies, synthetic analogues of M−O 2 intermediates have been intensively investigated to understand factors that control their geometric and electronic properties and chemical reactivity to form related active oxygen species or effect substrate oxidations. Recently, metal complexes with O 2 -derived ligands and bearing N-tetramethylated cyclam (TMC) 4 chelates have been the subject of intense scrutiny. 5−8 In these studies, it has been demonstrated that the nature of the supporting TMC ligand plays important roles in regulating the stability, geometric and electronic structure, and reactivity of the dioxygen or reduced derivatives in M−O 2 complexes. One notable example is the finding that [Ni(O 2 )(n-TMC)] + complexes vary depending on the ring size of the TMC ligand; a side-on Ni(III)−peroxo complex is formed with 12-TMC, 9 whereas a 14-TMC ligand 9 affords an end-on Ni(II)−superoxo complex (Scheme 1). 11, 13 species or chemistry. 14−16 However, the reaction of NO with metal−peroxo intermediates has rarely been investigated.
Here we report the synthesis, spectroscopic characterization, and crystal structure of a side-on Cr(IV)−peroxo complex bearing a 12-TMC ligand, [Cr
+ (2); the crystal structure of an end-on Cr(III)−superoxo complex bearing a 14-TMC ligand, [Cr III (14-TMC)(O 2 )(Cl)] + , 7 was reported previously (see Scheme 1) . We also describe the NO dioxygenase chemistry of Cr(IV)−peroxo complex 2, in which a Cr(III)−nitrato complex, Figure S2 , and Tables S1 and S2 in the Supporting Information (SI)]. Bubbling O 2 through a blue solution of 1 in CH 3 CN at −20°C produced a purple intermediate 2, which persisted for several days at room temperature. The UV−vis spectrum of 2 shows a distinct absorption band at 532 nm (ε = 310 M −1 cm −1 ; Figure  1a ). Electrospray ionization mass spectrometry (ESI-MS) of 2 ( Figure 1b ) revealed a prominent ion peak at m/z 346.9 whose mass and isotope distribution pattern correspond to ). 6b Moreover, 2 in CH 3 CN at 5 K exhibited a silent electron paramagnetic resonance (EPR) spectrum, consistent with the tetravalency assigned to the Cr ion in 2.
The X-ray crystal structure of 2 revealed that the Cr center is situated in a seven-coordinate environment with the 12-TMC ligand, O 2 , and an aqua ligand (Figure 2a) . It was found that the aqua ligand coordinates to the Cr center and the two chloride anions exist as counteranions in the crystal packing, giving a crystal formula of + (2), we reacted it with NO(g). Complex 2 in CH 3 CN (2 mM) was bubbled with Ar for 30 min at 0°C, and an excess amount of NO was then added over the top of this solution. The observed UV−vis spectral changes revealed isosbestic points at 383, 447, and 605 nm (Figure 3a) . In an ESI-MS measurement, the peak cluster centered at m/z 377.0 was assigned to a Cr(III)−nitrato complex formulated as [Cr III (12-TMC)(NO 3 ) (Cl) ] + (3) (calcd m/z 377.1) (Figure 3b ). The EPR spectrum of 3 revealed signals expected of a d 3 Cr(III) ion (S = 3 / 2 ) ( Figure S3) . 20 Furthermore, the X-ray crystal structure of 3 revealed that the nitrate anion coordinates to the chromium center bearing the 12-TMC ligand, giving a sixcoordinate configuration (Figure 2b ).
21
The yield of the reaction was quantitative on the basis of the UV−vis spectral changes and the absorptivity of authentic complex 3 at 415 nm (ε = 180 M −1 cm
−1
). 22 According to the results, we propose the reaction mechanism shown in Scheme 2. As in the generally accepted course of reactions of Fe(III)− superoxo species with NO by Hbs, 11,12b the first step should be nucleophilic attack of [Cr IV (O 2 )(12-TMC)(Cl)] + (2) on NO. As the Cr−peroxo species has an O 2 fragment that is further reduced by one electron (i.e., with peroxo character), the formation of a Cr−peroxynitrite intermediate would result in metal reduction, giving a Cr III −(OONO − ) species (Scheme 2, step a). Although we have proposed the reaction between the Cr(IV)−peroxo species and NO, we cannot rule out the presence of an undetectable equilibrium between Cr(IV)− peroxo and Cr(III)−superoxo species in solution, with the latter, present in tiny amounts, being the species that reacts with NO to give the Cr(III)−peroxynitrite intermediate. Qualitatively, we observed that increased amounts of NO led Tables S1−S4. to faster reactions, suggesting the direct interaction of nitric oxide with 2. Subsequent homolytic O−O bond cleavage of the peroxynitrite moiety would form a Cr(IV)−oxo species and NO 2 (Scheme 2, step b); as suggested for many examples, 10b,11,23c the latter would rebind to the Cr(IV)−oxo species to form the observed Cr(III)−nitrato complex (Scheme 2, step c). The lifetime of such a metal-bound peroxynitrite species is expected to be extremely short. 23 The one metal−peroxynitrite complex that has been isolated is [Co(CN) 5 most recently, another Co(III)−peroxynitrite complex has been confirmed and well-characterized by IR spectroscopy, isotope labeling experiments, and density functional theory calculations. 25 Thus, the isolation of Cr(III)−nitrato complex 3 supports the intermediacy of a Cr(III)−peroxynitrite species. Even stronger evidence is provided by the observation that the addition of 2,4-di-tert-butylphenol to a solution of 2 (for which no reaction is observed) prior to NO addition leads to a 93% yield of 2,4-di-tert-butyl-6-nitrophenol, indicating that the added phenol can trap the peroxynitrite intermediate.
Supplemental and NO to produce the Cr(IV)−peroxo complex 2 (reaction I) and the Cr(II)−nitrosyl complex 4 (reaction II), respectively. Complex 2 was isolated and characterized as a side-on Cr(IV)−peroxo complex. It is notable that 2 is the first TMC-ligated metal−peroxo complex to be formed from the reaction of O 2 with a reduced metal ion rather than via the use of hydrogen peroxide as the origin of the final peroxide fragment.
5 2 reacts with NO to give the Cr(III)−nitrato complex 3 (reaction III), which is most likely formed through a Cr(III)−peroxynitrite intermediate by means of atypical metal ion reduction chemistry. Different from many other metal− nitrosyl complexes, 14−16 4 did not react with O 2 (reaction IV). We are continuing our work on the systematic characterization of TMC-chelated redox-active transition-metal complexes and their O 2 and/or peroxide and/or O 2 /NO-derived chemistry, which, as further seen here, is strongly influenced by the TMC ring size.
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